Improved techniques associated with electron microscopy (2-5) are resulting in a rapid extension of our knowledge of submicroscopic cellular morphology. Elucidation of the highly complex and characteristic structural organization of cytoplasmic components, such as the mitochondria (6, 7), the elements of the Golgi complex (8, 9), and the ergastoplasm (7, 10, 11), poses a variety of important questions with respect to the interpretation of cytochemical data obtained by differential centrifugation (12). It is uncertain, for example, to what extent and in what form these structures are preserved upon homogenization of cells in the usual media employed (12). Moreover, the composition of the standard centrifugal fractions in terms of cytoplasmic elements other than mitochondria is almost completely unknown. Palade and Siekevitz have recently claimed (13) that the microsome fraction isolated from rat liver homogenates in 0.88 ~ sucrose is morphologically identical with elements of , the endoplasmic reticulum (ergastoplasm) of the intact cells. However, from the biochemical point of view, it has now become fairly clear that both the mitochondrial (14-16) and microsome (17, 18) fractions as ordinarily isolated by differential centrifugation consist of mixtures of particles with differing properties. Several studies (18, 19) have demonstrated the presence in liver homogenates of a class of particles (not necessarily homogeneous), ordinarily included partially or entirely in the mitochondrial fraction, but separable to some extent by special centrifugal techniques. These particles are rich in such enzymatic activities as uricase and acid phosphatase, and in pentose nucleic acid (PNA). The present paper deals with the initial results of a combined centrifugal, biochemical, and electron microscopic study of the cytoplasmic particulate material found in homogenates of rat liver. By means of a method (20, 21) involving specific analysis of samples obtained after centrifugation of the homogenates in a horizontal preparative rotor of the swinging bucket type, size * A description of some of the prelin-dnary phrases of this work has been presented (1). 33
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distribution studies have been carried out for particles containing PNA and exhibiting uricase, acid phosphatase, succinic dehydrogenase, and diphosphopyridine nucleotide-cytochrome c reductase (DPN-cytochrome c reductase) activities. Observations made over a range of particle radii between 0.01 and 0.5 /z have revealed the presence of at least three distinct but polydisperse families of particles, each with a different array of biochemical properties. Concomitant electron microscopy has permitted fairly definite identification of one type of particle with the mitochondria and the tentative identification of a second with structures derived from the ergastoplasm of the intact liver cell. Cytological analysis of the third group of particles was not possible.
Methods

Particle Size Analysis of Cytoplasmic Particulates. General Procedure.--Partially clarified
homogenates of rat liver prepared in 30 per cent sucrose were centifuged in the swinging bucket rotor of the Spinco model E ultracentrifuge. A small sucrose density gradient within the centrifuge tubes served to stabilize the boundaries formed by the sedimenting particles. After centrifugation, the tube contents were sampled from top to bottom, and the samples thus obtained were analyzed for their content of PNA and enzymatic activity. Sedimentation diagrams constructed on the basis of these analyses were converted to increment curves showing the size distribution of the particles with which each biochemical component was assodated.
Detailed Procedures. Female Sprague-Dawley rats, weighing approximately 150 gin., were decapitated without anesthesia. Pieces from several lobes of the liver were quickly removed, pooled, and homogenized (22) in a volume of ice cold 30 per cent sucrose equal to 9 times the weight of the tissue. All subsequent steps were carried out at 0--4 ° . Unbroken cells, connective tissue fragments, and the great majority of the nuclei were removed from the homogenate by centrifugation at 750 X g for 10 minutes. 1 The supernatant fluid was designated the "cytoplasmic extract." By appropriate additions of 30 per cent sucrose solution or solid sucrose, 2 aliquots of the cytoplasmic extract were prepared to contain precisely the same concentration of tissue components (slightly less than 10 per cent with respect to the original tissue) but differing sucrose concentrations of 27 and 31 per cent, respectively. Lusteroid centrifuge tubes (5 X 1.3 cm.) were then filled mechanically with a mixture of these solutions in such a manner that the sucrose concentration increased linearly from 27 per cent at the top of the tube to 31 per cent at the bottom.* The total volume in the tube was 5.06 ml.
1 This procedure, which was necessary in order to avoid severe convective disturbances during subsequent sedimentation as well as anomalous recoveries of enzymatic activities due to the presence of whole cells, resulted in a small loss of the larger cytoplasmic particulates in the discarded sediment.
* The detailed design of the instrument employed for this purpose will be reported elsowhere; in general it represented a modification of the instrument described by Mannick (23) . Briefly, the solutions of different densities were contained in two matched hypodermic syringes, the barrels of which were advanced by the rotation of cylindrical cams synchronously activated by an electric motor. The fluids delivered by the syringes were conducted through a mixing chamber of small volume to the bottom of the centrifuge tubes. The cams were so pitched that the initial combined delivery consisted entirely of the less dense solution, the final delivery consisted entirely of the more dense solution, and the sucrose concentration gradient from top to bottom of the final fluid column was linear.
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Centrifugation was carried out with an SW-39 rotor in the Spinco model E ultracentrifuge. The dimensions of the rotor and the details of the operation of the centrifuge have been described (20) . The time and speed of centrifugation for each experiment are presented in the legends for Text-figs. 1 to 5. Rotor, buckets, and solutions were equilibrated at cold room temperature (3--4 °) prior to centrifugation. During the short time of centrifugation employed in the present experiments (maximum, 1 hour), there was very little change in the temperature of the tube contents (the temperature of the solution in one of the balancing buckets was measured at the end of each run). Following centrifugation the tubes were carefully removed from the rotor and the fluid columns sampled at successive levels from top to bottom by a procedure described previously (20, 2 I). Eleven or 12 samples were taken from each tube, weighed, and assayed, together with the uncentrifuged cytoplasmic extract, for the various biochemical components. The average distance of each sample from the meniscus was calculated from the weight of the sample, the density of the solution (taking into account the presence of the density gradient), and the dimensions of the rotor (20) .
Uricase, DPN--cytochrome c reductase, and succinic dehydrogenase activities were assayed spectrophotometrically at 22-25 °, employing a Beckman model DU spectrophotometer. Uricase activity was measured by following the decrease in optical density at 290 m/z of a reaction mixture containing 0.1 ~¢ sodium borate buffer, pH 9.0, 5 X 10 "~ M sodium urate, and enzyme, when read against a blank containing no substrate (of. reference 24). DPN-cytochrome c reductase activity was assayed as previously described (25) . Succinic dehydrogenase activity was determined by a modification of a previously reported method (15) . The reaction mixture contained 0.016 ~¢ potassium phosphate buffer, pH 7.4, enzyme, 2.2 X 10 -4 M potassium cyanide, 4.0 X 10 -~ ~ calcium chloride, 0.033 M potassium succinate, and 8.6 X 10 -~ v cytochrome c (Sigma Chemical Company). The constituents were added in the above order. The blank, prepared at the same time, contained all components of the reaction mixture except succinate. Measurements of the increase in optical density of the reaction mixture when read against the blank were not begun until 10 minutes after the addition of enzyme in order to avoid a period of large non-specific fluctuations in light absorption resulting from osmotic effects upon the cellular particulate material.
Acid phosphatase was assayed at pH 4.5 with sodium ~-glycerophosphate as substrate in the reaction mixture described by Palade (26) . The samples and the uncentrifuged original solutions were stored overnight at 0 ° and preincubated for 1 hour at 37 ° prior to assay (27, 28) . The enzymatic reaction was stopped after a period of 1 hour at 37 ° by the addition of trichloroacetic acid (TCA) and the liberated orthophosphate determined (29) . Appropriate corrections were made for phosphate originally present in the preparations or released during incubation in the absence of substrate.
PNA was determined colorimetricaliy by the orcinol reaction (30) after extraction by a modification of the method of Schneider (30) in which two additional TCA washes were substituted for the usual alcohol washes. The results were expressed in terms of PNA phosphorus (PNA P) (30).
The construction of particle size distribution curves (see below) placed severe requirements upon the precision of the various assay procedures. Enzymatic determinations were frequently, and orcinol reactions invariably carried out in duplicate. Nevertheless, experimental errors involved in the determinations of enzymatic activities remained the most apparent source of random error in the present method of particle size anaiysis.
The enzymatic activities of the samples were expressed as fractions, Av, of the original activity of the cytoplasmic extract. The term, Cg, was used to denote the fraction of the original PNA content. Sedimentation diagrams (Text-figs. i to 5, upper portions), constructed by plotting each value of A p or CF against the average distance of the corresponding sample from the meniscus (20) , were converted by a modification of the method of Svedberg and
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Rinde (31) to increment curves (Text-figs. i to 5, lower portions) indicating the distribution of enzymatic activity or PNA P according to particle size.
For purposes of calculation of the particle radius it was assumed that the linear and relatively small (4 per cent) sucrose concentration gradient within the fluid column was reflected in linear gradients of both density and viscosity, so that in which p~ and ~/m represent respectively, density, and viscosity of the medium at any given point in the fluid colunm; P0 and ~/0, the density and viscosity at the meniscus; a and b, the increments in density and viscosity, respectively, per centimeter radial distance from the meniscus; and x and x0, the distances from the axis of rotation to the point in question and to the meniscus, respectively. These expressions were substituted into Stokes' law as modified for a centrifugal field to give
which upon integration yielded
in which r is the radius of a spherical particle of density pp which has moved a distance (x --x0) from the meniscus after centrifugation for time t at an angular velocity o~. For each experiment, the mean particle radii corresponding to successive 0.1 cm. intervals below the meniscus were calcuiated by use of the above equation. The increments in A ~ or Cr over these same intervals (AA p/Ax or ACy/Ax) were obtained from the sedimentation diagrams (20) . The ordinate values of the paxticle size distribution curves (AA F/At) were then calculated according to the relationship
Axr xo xo in which the term x/xo represents a correction for dilution of the particles owing to increase in centrifugal force with increasing distance from the axis of rotation (31)? The distribution 3 The development of this equation is similar to the derivation reported by Thomson and Mikuta (32) . However, with the relatively small sucrose gradient used in the present experiments, the possible systematic error that could be introduced by the existence of a non-linear viscosity gradient was well within the experimental error of the over-all procedure.
4 Small variations in the position of the meniscus resulting from stretching of the rotor or compression of the fluid column at high centrifugal speeds (20) were ignored. A more serious source of variation in the value of x0 arose from irregularities in the Lusteroid centrifuge tubes (20) . An attempt was made to sdect tubes of uniform bore and perfectly circular shape.
5 This equation was derived according to the method of Svedberg and Rinde (31) except that no correction has been included here for possible dilution of the particles as a result of curves were constructed by plotting each value of AAp/Ar or ACF/Ar against the corresponding particle radius. For each biochemical component, data derived from several experiments at different centrifugal speeds were plotted on the same graph. The composite increment curves (Text-figs. 1 to 5) thus obtained combined observation over a wide range of particle size with a relatively high degree of resolution. Generally, increments derived from regions of the fluid column within 0.3 cm. of the meniscus were omitted from the curves, in order to avoid artifacts arising from agitation of the meniscus during sampling; Approximate recoveries of each component in terms of the activity of the cytoplasmic extract were estimated by planimerry of the area under the increment curves.
Fixation, Imbedding, and Electron Microscopy.--Aliquots of the cytoplasmic extracts and fractions (see Results) were fixed by the addition of 10 volumes of veronal-acetate~bugered 1 per cent osmic acid (pH 7.2) (4) or of chrome-osmium fixative (pH 7.2) (33) . After fixation for 20 minutes at room temperature the preparations were centrifuged for 90 minutes at 19,000 l~.l,.at, in the No. 295 rotor of the model PR-2 International Centrifuge. The resultant pellets, handled as tissue blocks, were dehydrated through a graded series of alcohols either immediately or after a preliminary imbedding in 3 per cent agar, and then placed in a mixture of 1 part methyl methacrylate to 9 parts of n-butyl methacrylate monomer. After 2 changes of the monomer mixture, the pallets were imbedded in partially polymerized plastic in No. 2 gelatin capsules. Polymerization was completed by exposure of the capsules to ultraviolet light. Sections were cut on a Minot microtome adapted for thin sectioning (34) or on a PorterBinm microtome (35) set to cut at 0.025 #. Electron micrographs were taken with an RCA model EMU2C electron microscope.
RESULTS
Partide Size ~strib~ion
The sedimentation patterns exhibited by the various biochemical components are shown in the upper portions of Text-figs. 1 to 5. The time and speed of centrifugation for each experiment are presented in the figure legends. In general, the boundaries were broad, frequently extending over the entire length of the fluid column, and thus indicating a considerable degree of polydispersity among the sedimenting particles 6 (for comparison with the behavior of monodisperse materials under similar experimental conditions, see references 20 and 21). When the data were plotted in the form of size disradial sedimentation. When such a correction was employed, recovery values (see Table I ) were too high, and there were very marked discrepancies between the overlapping portions of increment curves derived from experiments at different speeds. A complete equation which takes into account the density and viscosity gradients in the fluid column has been derived. This function is fairly complex and has been found, under the conditions of the experiments, to give values of ACF/Ar within a few per cent of those obtained with the approximate equation shown above. The latter has therefore been employed for simplicity and ease of calculation.
o Although several factors (such as convection, side wan interference, disturbance of the boundaries during manipulation of the tubes, and, in the case of the smaller particles, diffusion (36)) may have served to broaden the boundaries artificially to some extent, past experience (20, 21) indicates that they could not account for the degree of polydispersity observed in the present experiments. The heterogeneous cell population of liver tissue, should, however, be mentioned in this regard.
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tribution curves (Text-figs. 1 to 5, lower portions), the enzymatic activities and PNA P were seen to be associated with several distinct families of particles.
In further evaluating the individual distribution curves, certain limitations of the present method must be kept in mind. It will be noted, for example, T~x'r-Fzo. 1. Above, sedimentation diagrams for succinic dehydrogenase activity, obtained at the following times and speeds of centrifugation (reading from top to bottom): 35 minutes at 3148 ~.p.~r.; 36 minutes at 4790 a.P.g.; 45 minutes at 6158 l¢.P.z~.; and 34 minutes at 14,290 a.p.~r. Below, Size distribution curves derived from the sedimentation diagrams. The data corresponding to each sedimentation diagram are indicated by the type of line.
that the overlapping portions of increment curves derived from separate experiments frequently failed to coincide. These discrepancies are thought to have resulted from factors associated with the experimental procedure (such as meniscus effects and side wall interference during sedimentation, disturbance of the boundaries during sampling, and analytical errors); their chief effect was to limit the effective resolving power of the method.
A more serious difficulty stemmed from the lack of reliable information about the density of the cytoplasmic particulates. Density values of 1.22 gm./cm. 8 for rat liver mitochondria (32), 1.18 to 1.20 for mouse liver mitochondria (15), and 1.10 to 1.20 for the mitochondria-like particles of frog liver (37) have been obtained by centrifugation of the particles to equilibrium position in density gradients of sucrose (15, 32) or sucrose-diodon mixtures (37) . As
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was recognized by these authors, such data do not indicate what the density of the particles might be in media of different osmotic pressure or chemical composition. Moreover, it is known that cytoplasmic particles of different morphological and biochemical composition also differ in density (15, 37) . In view of these facts, the absolute magnitude of particle radius values shown in Text-figs. 1 to 5, which were calculated on the assumption of a uniform particle density of 1.20 gm./cm?, must be regarded as of questionable validity unless otherwise confirmed. Nevertheless, the method remains a fairly sensi- 
,.dp,..o" W"
oo-"l'°°" The approximate total and fractional recoveries of the enzymatic activities and PNA P are presented in Table L Acid phosphatase were extrapolated visually to the meniscus (r = 0), and the values of Ar or CF obtained were expressed as percentages and included under the heading of particles with radii less than 10 mg (Table I) .
Succinic dehydrogenase activity (Text- fig. 1 ) was associated with particles ranging in radius from about 60 to 450 m/z (a portion of the size distribution curve derived from the lowest speed experiment was omitted for reasons of space). With increasing speed of centrifugation, the peaks of the size distribution curves were shifted progressively toward smaller values of r, and there was a concomitant sharp decline in the total recovery of activity (Table I) . The reasons for these findings are not clear/However, it may be stated that in general the distribution curves indicate the presence of a single family of particles with radii centering about 220 to 260 m#. All of the uricase activity was confined to a second group of particles with radii between 50 and 250 m/z (Text- fig. 2 ). The peak of the distribution curve for this enzyme fell at a radius of 120 m/~. Approximately 60 per cent (Table I) of the acid phosphatase activity was associated with this same size group (Text-fig. 3) ; the remaining acid phosphatase activity was rather diffusely distributed, with a small peak at 220 m#.
The distribution curves for PNA P exhibited peaks at particle radii of approximately 230, 120, 55, and 25 m/~ (Text-fig. 4 ). The presence of the small peak at 55 m# has been confirmed in other experiments not presented here. However, in estimating the proportions of the total PNA P (or DPN-cytochrome c reductase activity---see below) that were associated with each size group (Table I) -fig. 4 ). In a further attempt to study the non-sedimenting PNA P, a cleared homogenate was centrifuged at 4 ° for 6 hours at 36,500 R.P.M. The resultant sedimentation curve (not included in Text- fig. 4 ) revealed that the very small PNA P-containing particles had only partially cleared the meniscus. While the data suggested apparent particle radii in the region of 6 to 8 m/z, an accurate determination of the size and degree of dispersity of these apparently macromolecular particles will require centrifugation in a medium of lower density and viscosity.
The distribution of DPN-cytochrome c reductase activity (Text- fig. 5 , Table  I ) was similar to that of PNA P except for the fact that the family of particles centered about a radius of 120 m/~ was apparently devoid of activity.
Electron Microscopy
In view of the absence of clear separation between the various size groups, the preparation of "pure" samples of each type of particle for electron microscopy was considered impracticable. The following procedure was therefore employed in order to permit correlation of morphological structure with the centrifugal data. Centrifugation was carried out at 14,290 mp.~r, for 34 minutes. With the use of the sampling device (20) , two fractions were then collected from the centrifuge tubes, the upper fraction consisting of that part of the fluid column within 0.7 cm. of the meniscus, the lower including the region between 2.2 and 2.9 cm. (Text-figs. 1 to 5). Together with a sample of the cytoplasmic extract, aliquots of these fractions were taken for enzymatic analysis. The remaining portions of the same two fractions were immediately fixed for electron microscopy. Succinic dehydrogenase and uricase activities were chosen as biochemical indicators of the presence or absence within the fractions of the particle groups centered about 240 and 120 m# respectively (Text-figs. 1 and 2). The conditions of centrifugation were such that the smaller particles (average apparent radii 55 and 25 m/~) would be expected in both fractions (Text-figs. 4 and 5). Reference to Table II, which includes the average succinic dehydrogenase and uricase activities of the fractions in three experiments as referred to the uncentrifuged cytoplasmic extracts, reveals that the biochemical differences between the three preparations were fairly clear cut, indicating marked differences in the relative proportions of the various size groups.
Several difficulties were encountered in attempts to characterize the fractions and cytoplasmic extract by means of the electron microscope. It was found, for example, that during the post-fixation centrifugation (see Methods), the fixed particles tended to sediment at rates in accordance with their size and density and sometimes formed a pellet consisting of more or less distinct (Figs. 1 to 3) . As a result, no single section through a pellet could be considered a truly representative sample of the fixed material, and observation of numerous sections taken from different portions of the pellets was often required in order to estimate even roughly the relative proportions of the different morphological types of particles.
A second difficulty stemmed from the relationship between thickness of the sections employed for electron microscopy (about 250 m/z) and the size of some of the particles encountered. A large number of tangential sections were observed, so that estimates of size range for the larger particles were difficult and undoubtedly biased in the direction of lower apparent particle size. Classification of the smaller forms was also hindered in many instances by the possibility that they represented sections of larger structures. Finally, the possibility of morphological alterations in the particles during the procedure of fixation and imbedding must be mentioned. This was particularly the case with regard to size, since shrinkage of the pellets of fixed material was consistently observed during dehydration in alcohol. In addition, swelling of some of the particles may have occurred during exposure to the hypotonic fixing medium.
With these considerations in mind, the findings obtained by electron microscopy may be described as follows. Figs. 1 to 3 illustrate the wide variation in the appearance of sections taken through different portions of a pellet of
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fixed cytoplasmic extract. Mitochondria, recognizable by their characteristic internal structure (6, 7), were a prominent feature in many sections (Fig. 1) . Mitochondrial morphology was fairly well preserved; the most common types of damage consisted of interruptions in the external membrane and of swelling accompanied by disruption of the internal architecture (Fig. 1) . It is not known whether this damage occurred before or after fixation; however, the presence of mitochondrial "ghosts" in homogenates prepared in 0.88 ~ sucrose has been previously described (38) .
A second prominent component of the fixed cytoplasmic extract consisted of a number of oval or circular vesicles, bounded by a single membrane studded with small particles (Figs. 1 and 2 ). The interiors of the large vesicles frequently appeared empty to the electron beam; at most they contained a small amount of amorphous material. The attached particles ranged in size between about 70 and 150 A, and the thickness of the bounding membrane was estimated as between 40 and 60 A. For reasons given above, it was impossible to determine the lower limit of the size range of the vesicles. Considering only those vesicles which, because of their sharp and thin wall, appeared to have been sectioned equatorially, the average diameter was 260 m# and the upper limit of diameter about 600 m#. Marked variation was noted in the number of small particles associated with this type of vesicle. Furthermore, the distribution of particles over the surface of any one vesicle was frequently very uneven. Formation of smaller vesicles by budding or pinching off from the larger ones was suggested by some of the forms observed (Fig. 1) . For reasons to be discussed later, vesicles of this morphological type will be referred to as ergastoplasmic vesicles.
In addition to the well defined mitochondria and ergastoplasmic vesicles, a large number of other particles, for the most part considerably smaller, were observed in the fixed hornogenates (Figs. 2 and 3) . Morphological classification of these structures was difficult. In general, they appeared as thin walled vesicles or granules exhibiting varying degrees of electron density and characterized by the absence of small particles upon the surfaces. Except in the latter respect, some resembled ergastoplasmic vesicles. Several other forms appeared with sufficient frequency as to suggest distinct morphological entities. Chief of these was a group of granules ranging in diameter between about 40 and 120 m/z, with relatively electron dense interiors often delimited by a single, smooth, darker outer membrane (Fig. 3) . The average diameter of these granules was 60 to 70 m#. Another characteristic form, which was observed, however, rather infrequently, was that of a vesicular structure bounded by a distinct double membrane and exhibiting an apparently empty interior (Fig. 3) . These vesicles ranged in size between 200 and 500 m/z; the average spacing between the paired membrane was estimated at 200 to 300 A. The numerous particulate structures (Figs. 2 and 3 ) that could not be identi-fled as definitely belonging to any of the morphological groups thus far described have been included in Table II, (39, 40, 12) were designed originally to permit the quantitative separation from other materials of the cell of those structures which could be identified with the light microscope (in the case of liver, primarily nuclei and mitochondria). Since the microsome fraction necessarily consisted of whatever remaining particulate material (chiefly submicroscopic) could be sedimented at high speed in a reasonable length of time with the centrifugal apparatus available, and since the probability of contamination of the mitochondrial fraction itself with other types of particles has been repeatedly recognized, it is not surprising that marked biochemical heterogeneity of both of these fractions has been consistently demonstrated (13) (14) (15) (16) (17) .
The centrifugal data obtained in the present study argue strongly against the idea that the particulate material forms a continuous spectrum with regard to size range (41) , and, in demonstrating the presence in liver homogenates of at least three major groups of cytoplasmic particulates that differ in both sedimentation behavior and biochemical characteristics, confirm and extend the results of a number of recent investigations concerned with this problem. Thus, the group of particles with apparent radii centered about 120 m/z would appear on the basis of their size and chemical properties to be identical with the "more readily sedhnented microsomes" (rich in PNA, acid phosphatase, and uricase activities) of Novikoff el a/. (18) , with the special class of acid-phosphatase-containing granules reported by Appelmans et al. ( 19, see also 27 and 28), and with the uricase-containing particles demonstrated by Thomson and Mikuta (32) . This group of particles is doubtlessly partitioned between the mitochondrial and microsomal fractions in the standard methods of differential centrifugation (15, 18, 19, 32) . The family of particles with an average apparent radius of 25 m# probably corresponds to the "less readily sedimented microsomes" which Novlkoff et al. found to be rich in PNA but poor in acid phosphatase and uricase activities (18) . Thomson and Mikuta (32) found that the bulk of the DPN-cytochrome c reductase and arginase activities of 0.25 ~ sucrose homogenates of rat liver was associated with a group of particles with average radii in the region 60 to 80 in#. Considering the somewhat different method of particle size analysis employed by the present authors (cf. reference 32), the discrepancy between the two values for the apparent radii is not surprising. Although the evidence is indirect, it also would appear that glucose-6-phosphatase activity may be an exclusive property of particles within this size range (42, 19) , which would be expected to fall almost entirely within the microsome fraction as ordinarily isolated by differential centrifugation. The succinic dehydrogenase-containing particles, with radii centered in the region of 260 rag, were for the most part of dimensions within the resolving power of the light microscope, and undoubtedly corresponded to mitochondria (see below). Although the sampling data for this enzyme were not entirely satisfactory, no evidence was found that part of the succinic dehydrogenase activity was associated with any group of smaller particles (14, 32) . A fourth group of particles, with apparent radii centered about 55 mg appeared as a relatively minor component in the distribution curves of PNA and DPN-cytochrome c reductase activity (Text-figs. 4 and 5). The biochemical characteristics, if any, that distinguish this group from the particles with an average radius of 25 m# remain to be determined.
On the basis of information already available (18, 32, 43--45) , a number of additional biochemical properties might be assigned with varying degrees of assurance to one or another of these three major families of particles. However, any estimate of the totaI number of biochemicaUy distinct groups that may exist in liver homogenates must await further investigation. In this regard, extension of the range of observation to particles with radii appreciably less than 10 mg is particularly desirable (cf, references 46, 47) . Cytological identification of the particle size groups demonstrated by centrifugation actually involves two separate problems: first, correlation of the centrifugal data with electron microscopic observations of the particles present in homogenates and fractions; and second, identification of these partides with structures present in the intact cell. It is by no means certain that either the optimum medium for homogenization or the proper method of fixation of the isolated particles has yet been found. The preliminary nature of much of the following discussion should therefore be emphasized.
Little need be said concerning the identification of the succinic dehydrogenase particles with the mitochondrial elements of the intact cell in view of (a) the preservation of the characteristic internal structure of these particles (6, 7) in the homogenates (Fig. 1), (b) the correlation between the enzymatic activities of the fractions and the frequency with which mitochondria were observed therein (Table II) , and (c) the results of previous studies (12, 45) .
Uricase activity was chosen as a biochemical indicator of the presence within the fractions examined by electron microscopy of the centrifugal group of particles with radii centered about 120 rag. Table II indicates a rough correspondence between the uricase activities of the fractions and the frequency of occurrence of the thin walled vesicles showing attached granules, For reasons discussed previously, the close agreement between the average particle radius determined centrifugally and that obtained by electron microscopy (130 m/z) may be regarded as fortuitous. It should be emphasized, however, that neither the centrifugally determined sizes nor the sizes of the particles observed in the electron micrographs play a critical role in correlating the biochemical and morphological findings.
Vesicular structures entirely similar to those under consideration here have been described in 0.88 ~ sucrose homogenates of rat liver byPalade and Siekevitz (13) , who considered them to be derived from the endoplasmic reticulum (ergastoplasm) of the intact cells. This conclusion appears correct to the present authors. It may be noted that ergastoplasmic structures have been reported to act as osmometers both within the cell (48) and in the isolated state (13) , whereas it has been previously suggested that isolated particles rich in uricase activity (and PNA) might be particularly sensitive to osmotic effects (15) . The ergastoplasmic structures observed with the electron microscope and presumably corresponding to the basophilic regions of the cytoplasm have been considered by many workers as sites of intracellular localization of PNA
(10, 11, 48-50).
It is apparent from the time and speed of centrifugation employed in the preparation of the fractions for electron microscopy and from the biochemical data included in Table II , that only the smallest (referring to apparent radius) of the three major particle size groups thus far demonstrated by centrifugation could have been represented in appreciable amounts in the upper fraction. Furthermore, the water-clear appearance of the yellowish supernatant fluid after centrifugation of the fixed upper fraction indicated that at least the bulk of these smaller particles was actually included within the pellet of fixed material. Unfortunately, the particles observed within this fraction were morphologically heterogeneous (Fig. 5 and Table II) ; for the most part, their appearance was such as to preclude any definite conclusions about their origin in terms of the original cellular structure. The small dark granules (average diameter 60 to 70 m/z) observed in the cytoplasmic extract (Fig. 3) and prominent in the upper fraction (Fig. 5 ) resembled in many respects the granules associated with the Golgi complex of intact liver cells (51) , whereas the relatively rare larger vesicles with double membranes were similar in appearance to the Golgi vesicles (51) . A recognized characteristic of Golgi structures within the intact cell is their capacity to reduce large amounts of osmic acid upon postosmication at 37 ° (8). Attempts to demonstrate additional darkening of the postulated Golgi elements upon postosmication of the fixed fractions were unsuccessful.
Several other elements within the intact cells might be suggested as sources of the many small, chiefly vesicular, structures observed in the fixed preparations. Chief of these are the cell membranes and associated structures, and the glycogen-containing regions of the cell. The latter possibility is particularly interesting in view of the demonstration of particulate glycogen in 50 CYTOPLASMIC PARTICULATES I1~ LIVER HOMOGENATES liver homogenates (52, 53) . The biochemical and morphological data obtained in the present experiments make it appear unlikely that disrupted mitochondria constituted a major source of small particulate material.
Obviously considerable further investigation is required with regard to the question of the cytological identity of these smaller particles. It is impossible to do more than speculate about the type (or types) of particle with which over 50 per cent of the cytoplasmic PNA and DPN-cytochrome c reductase appeared to be associated. Particulate glycogen has been found to be almost totally lacking in phosphorus (and therefore in PNA) (53) . The biochemical properties of the Golgi elements in liver are largely unknown. However, the Golgi fraction isolated from rat epididymis has been found to contain about 20 per cent of the PNA of the homogelmtes at a concentration (referred to total nitrogen) 3.5 times that of the whole tissue (54).
Palade and Siekevitz have reported (13) that all of the microsomal PNA of rat liver was associated with the small particle component (radius 5 to 7.5 m/~) of the ergastoplasm, whereas the DPN-cytochrome c reductase activity was said to be associated with the membrane or content of the microsomes. These authors apparently considered their microsome fraction to have been cytologically homogeneous and derived entirely from the ergastoplasmic elements of the intact cell (13) . The trimodal size distribution of the cytoplasmic PNA observed in the present study is difficult to reconcile with these fmdings, as is the fact that the non-mitochondrial DPN-cytochrome c reductase activity was not associated with the only centrifugal group of particles (apparent radius 120 m~) that could be tentatively identified with ergastoplasmic structures but instead with a class of smaller particles (radius 25 to 55 m#).
Some artificial separation of the small granules from the membranes of the ergastoplasmic vesicles under the conditions of the present experiments is not difficult to imagine (see Table II ), although it may be noted that the medium was essentially the same as that employed by Palade and Siekevitz (13) . The appearance of such isolated small granules as a centrifugal group within the size range studied here seems improbable, however, since it can be calculated that in order for particles with actual radii of 7.5 m# to exhibit apparent radii of 25 m# in the present medium, they would need to possess densities in the unlikely range of 2.0 to 2.5 gm./cm. 3. The possibility must be considered that some of the granules, upon separation from the ergastoplasmic membranes during the experimental procedure, might have been adsorbed upon particles with apparent radii of 25 to 55 m/~. However, no evidence of such adsorption was observed in electron microscopy of either the homogenate or the fractions.
Slautterback (55) , in an electron microscopic study of microsome fractions isolated from rat liver homogenates prepared in several media (including 0.88 ~ sucrose), found evidence of three size classes of particles. His "large microsomes" appear to correspond to the ergastoplasmic vesicles, and the "small microsomes" to free small ergastoplasmic particles (10) . The "inter-mediate size microsomes," which were observed to darken with osmic acid (55) , may have corresponded to some of the unidentified particles observed in the present study.
Aside from the advantages of high resolving power and relative lack of convection, the present technique makes it possible to study the biochemical properties of cell structures without prior isolation and washing and, more important, to demonstrate the coincidence of biochemical function with particle size and morphology without the concomitant necessity of choosing arbitrarily the ranges of particle sizes to be studied.
SUMMARY
A combined centrifugal, biochemical, and electron microscopic study of the cytoplasmic particulates present in 0.88 ~ sucrose homogenates of rat liver has been carried out. Size distribution analyses of particles containing pentose nucleic acid (PNA) and exhibiting several types of enzymatic activity revealed three major size groups within the range of particle radius between 10 and 500 m/z. A different array of biochemical properties was associated with each size group. The largest particles, with an average radius (assuming spherical shape) in the region of 220 to 260 m/z, contained all of the succinic dehydrogenase activity of the cytoplasmic extract, 29 per cent of the diphosphopyridine nucleofide (DPN)-cytochrome c reductase activity, and minor amounts of PNA and acid phosphatase activity. Cytologically, this group of particles was identified with the mitochondria. All of the uricase activity, 58 per cent of the acid phosphatase activity, and 26 per cent of the PNA was apparently associated with a second size group of particles (average radius 120 m/~) which were tentatively identified by electron microscopy with vesicular structures derived from the ergastoplasm of the intact cell. The third particle group demonstrated by centrifugation exhibited a major size distribution peak at 25 m/z and a second smaller peak at 55 m/~. Over 50 per cent of the total cytoplasmic PNA and DPN-cytochrome c reductase activity was associated with particles in this size group. Electron microscopy revealed a morphologically heterogeneous population of particles within this size range.
Not~ Added in Proof.--At the time of preparation of this manuscript, the authors had not yet seen the very interesting paper of de Duve, Pressman, Gianetto, Wattiaux, and Appelmans (Biochem. Y., 1955, 60, 604), in which the distribution pattern of a number of enzymes in rat liver homogenates was approached by the application of a scheme of differential centrifugation which permits separation of the cytoplasmic particles into three fractions. In areas where the comparison is possible, there would appear to be essential agreement between the results obtained by the two methods. . No mitochondria are seen and very few structures that can be definitely identified as ergastoplasmic vesicles. Most of the material is in the form of small vesicles or granules, without surface particles. A number of small, relatively electron-dense particles (P) are present: Several thin walled vesicular structures containing small, dark, granules are also seen (arrows). These relatively rare structures were observed with greater frequency in the upper fraction than in either the cytoplasmic extract or the lower fraction, a fact suggesting that they had undergone centripetal sedimentation in the present medium. Their cytologic identity is not known, although the possibility might be mentioned that they represent bile granules THE JOURNAL OF BIOPHYSICAL AND BIOCHEMICAL CYTOLOGY PLATE 12 VOL. 2
